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Microlasers in near-degenerate supermodes lay the cornerstone
for studies of non-Hermitian physics, novel light sources, and
advanced sensors. Recent experiments of the stimulated scat-
tering in supermode microcavities reported beating phenomena,
interpreted as dual-mode lasing, which, however, contradicts
their single-mode nature due to the clamped pump field. Here, we
investigate the supermode Raman laser in a whispering-gallery
microcavity and demonstrate experimentally its single-mode las-
ing behavior with a side-mode suppression ratio (SMSR) up to
37 dB, despite the emergence of near-degenerate supermodes
by the backscattering between counterpropagating waves. More-
over, the beating signal is recognized as the transient interference
during the switching process between the two supermode lasers.
Self-injection is exploited to manipulate the lasing supermodes,
where the SMSR is further improved by 15 dB and the laser
linewidth is below 100 Hz.
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M icrolasers in near-degenerate supermodes have drawnmuch attention in the past decades, promoting various
advances such as spontaneous symmetry breaking (1, 2), excep-
tional points (3–6), precise measurement (7–11), and novel
light sources (12–16). Single microcavities supporting high-Q
whispering-gallery modes (WGMs) (17–19) are found as a nat-
ural platform for studying supermodes, which are formed by
the coupling between degenerate counterpropagating waves
(20–22). So far, supermode lasers in WGM microcavities have
been demonstrated with not only intrinsic gain materials (3, 7,
12–14), but also nonlinear optical effects, e.g., stimulated scat-
tering (2, 8, 9, 11). In particular, the latter is advantageous for
recording low linewidths (23–25), as well as neither a require-
ment of specific gain materials nor a limitation in operation fre-
quencies (26–30). Given that the energy splitting of supermodes
is sensitive to the external perturbation (31, 32), the stimu-
lated scattering, such as Raman or Brillouin lasers in supermode
microcavities, has also shown unique merit for nanoparticle
detection (8, 9), an exceptional-point-enhanced optical gyro-
scope (11, 33), and an Earth rotation reader (34), featuring a
beat note corresponding to the splitting.
Different from the conventional inversion lasers based on elec-
tronic transitions, stimulated scattering involving only bosonic
modes is inherently immune from the spatial hole burning and
holds a homogeneous gain (35–38). Hence, energy in the pump
field should be clamped at a fixed value once the lasing thresh-
old is reached (24, 39, 40), leading to a single-mode lasing
(2, 6, 23). However, beat notes are widely observed in super-
mode microlaser output during pump scanning, so that these
lasers are generally regarded as dual-mode lasers (8, 9, 41). In
this work, we elucidate this lasing spectral paradox by investigat-
ing the dynamics of a supermode Raman laser in an ultrahigh-Q
microcavity. Experimentally, the clamping effect on the pump
field is demonstrated, confirming the single-mode nature of the
supermode laser. When a tiny reflection is introduced and pro-
vides self-injection of the Raman laser, beating phenomena are
observed and recognized as the transient interference during the
lasing switching between the supermodes.
The Raman microlaser is generated by optically pumping a
WGM microcavity and propagates in both the clockwise (CW)
and counterclockwise (CCW) directions (Fig. 1A) (2, 26). The
intracavity counterpropagating waves are coupled by a scatterer
at the surface (8, 9, 21, 42), which forms a pair of standing-wave
supermodes, the symmetric a+ and antisymmetric a−, defined
by the relative position between the mode distribution and the
scatterer (Fig. 1B). If the scatterer is a dielectric particle at
the surface (or a vacancy-like defect), the symmetric supermode
has a lower (or higher) resonance frequency and larger decay
rate (31). In addition, here the Raman gains in the symmet-
ric mode are slightly smaller due to the different stimulated
Raman scattering rates in the counterpropagating directions (43,
44) (Materials and Methods). According to the mode compe-
tition theory, only the mode with the smaller loss can reach
the lasing condition (45), accompanied with the clamped pump
field. Despite the previous observation of the clamping effect
with the assistance of parametric oscillation (46) or cascaded
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Fig. 1. Schematic of supermode laser in a microcavity. (A) Counterpropagating waves in a WGM cavity are coupled by a defect with strength g, forming
a pair of supermodes. (Inset) Schematic of the beating phenomenon during pump scanning. (B) Formation of the symmetric a+ and antisymmetric a−
supermodes. (Right) Field distribution of the two supermodes. (C, Upper) The cavity modes (gray lines) in the frequency domain and the optical gain
(orange curve) from the pump (black line). (C, Lower) The zoomed-in spectrum of the black dashed box in C, Upper.
stimulated scattering (24, 47), the clamped input pump char-
acterizing the single-mode lasing has not been directly demon-
strated in the supermode microlasers so far, while beating
phenomena (Fig. 1A) were widely observed and generally
interpreted as a dual-mode signature.
To investigate the supermode Raman lasing, a silica micro-
sphere cavity with intrinsic Q factor over 4× 107 is applied, as
illustrated in Fig. 2A. A tapered fiber is evanescently coupled to
the cavity, and the transmission of the Stokes supermodes is mea-
sured, as shown in Fig. 2B (Materials and Methods). The doublet
indicates a coupling strength of g =5.49± 0.01 MHz between
the counterpropagating waves. The decay rates of the symmetric
and antisymmetric modes are fitted to be κ+0/2π=4.05± 0.05
MHz and κ−0/2π=3.93± 0.05 MHz, respectively. The fact that
the mode at lower frequency features smaller loss indicates that
the scatterer is a vacancy-like defect. By tuning the pump laser
(∼1,490 nm) into the resonance of the cavity mode, the first-
order Raman laser is observed as a single line at 1,610 nm
(Fig. 2C) with the threshold of 213 µW, where the cascaded
Raman laser is absent (39, 48). Note that multiline Raman lasers
were also reported previously with the presence of Kerr para-
metric gain (49, 50) or cascaded scattering gain (51), which are
avoided in the present work by carefully controlling the pump
power as well as the coupling condition. The clamping of the
pump field is then examined by monitoring the intracavity pump
power via an add–drop coupling scheme (22, 52). As the pump
laser with a constant power scans from the blue-detuned region
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Fig. 2. Experimental characterizations of the microcavity Raman laser. (A) Experimental setup. PC, polarization controller; OSA, optical spectrum analyzer;
OSC, oscilloscope; ESA, electrical spectrum analyzer; LPF, long-pass filter. (B) Transmission spectrum of the supermodes and the theoretical fitting. (C) Optical
spectrum of the Raman laser. (Inset) Threshold curve of the Raman laser. (D) Experimental observation of the clamping effect on the pump field. (E)
Frequency spectrum of the combined probe light and Raman emission, in which the wavelength of the pump beam is unchanged.
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reaches the threshold, after which the power of the Raman
laser grows monotonically. Simultaneously, the intracavity pump
power is clamped at a constant value (Fig. 2D), indicating that
the gain, matching the loss of the higher-Q supermode, remains
unchanged. Hence, the loss of the other supermode cannot be
compensated, and the laser operates in the single-mode regime.
Quantitatively, a probe laser with the frequency slightly higher
than the supermode is introduced to interfere with the out-
put laser, and the frequency spectrum is presented in Fig. 2E.
The peak with the center frequency of f+ (f−) is attributed
to the interference between the probe laser and the signal
from the symmetric (antisymmetric) supermode, while the tiny
peak located at δf =12.5 MHz corresponds to the interference
between the two supermodes. Here, the beating frequency δf ,
equal to f−− f+, is slightly larger than the splitting of the pas-
sive Raman supermodes due to the Kerr effect-induced mode
shift (Materials and Methods) (22). The intensity of the f− peak
is much higher than that of the f+ peak, manifesting a large side-
mode suppression ratio (SMSR) over three orders of magnitude.
The large SMSR, as a widely adopted criterion, hence indicates
that the supermode Raman laser operates as a single-mode laser
(12, 53). Additionally, considering the observed clamping effect,
the weak signal in the symmetric mode is inferred as the ampli-
fied spontaneous emission, with a narrowed linewidth due to
Raman gain compensation.
Despite the presence of δf , temporal oscillations in the laser
output cannot be observed due to the large SMSR (Fig. 2E),
which contradicts the strong beat notes reported previously (8,
9). To reveal the underlying physics, we study the lasing dynam-
ics dependent on the loss difference of the two supermodes.
Thus, the self-injection technique is introduced to modulate the
mode loss, which is widely utilized to regulate the intracavity
laser field through the interference effect (54–56). Experimen-
tally, a flat end face of the output fiber, serving as a reflector with
a reflectance of only 0.033, reinjects partial output laser into the
cavity (Fig. 3A, Inset). During the pump wavelength scanning,
the beat note appears periodically, featured as the spike-like
envelopes consisting of fast oscillations with a center frequency
of 9.7 MHz (Fig. 3B). This beating frequency slightly deviates
from the passive splitting as a result of the Kerr frequency shift
(Materials and Methods).
Considering the interaction of CW-CCW lasers with self-
injection, we write the system Hamiltonian H under the
traveling-wave basis (acw, accw) to investigate the lasing
dynamics,
H =








Here ω and κ are the unperturbed resonant frequency and mode
loss, respectively, and γ is the dissipative coupling strength. κin
represents the external coupling rate, and r̃ denotes the complex
reflectivity accounting for the optical-path–related phase and the
reflectance at the end facet. In a realistic system, the coupling
strength is large enough, i.e., |g | |γ/2|, |r̃κin|, and thus the
decay rates of the supermodes can be approximately obtained by
eigenvalue analysis (Materials and Methods), as
κ±=κ± γ∓ |r̃ |κin cos (ϕ± 2ngL/c), [2]
with the injection phase ϕ=2nωL/c related to the material
refractive index n and fiber length L between the coupling point
and the reflector. The intrinsic loss difference between the two
supermodes can be compensated and reversed by tuning the
injection phase, the reflectivity, and the coupling rate, resulting
in the switching of the supermode laser.
The modulation of the lasing status results from the interfer-




Fig. 3. Beat notes of the supermode Raman laser with self-injection. (A)
Real-time output of the Raman laser. (Inset) Schematic of the self-injected
laser. (B) Zoom-in of the gray area in A, where a typical beat note is
observed. (C) Theoretical dissipation of the two supermodes versus injec-
tion phase shift ϕ. Blue (orange) shading: Symmetric (antisymmetric) mode
lasing regime. The black circles denote the lasing mode switching point at
the particular injection phase.
The reinjected wave ain,ccw from the reflected CW output laser
will contribute coherently to the intracavity CCW field. For the
symmetric and antisymmetric supermodes, the CW and CCW
fields are in phase and out of phase, respectively. Hence ain,ccw
constructively interfering with the CCW field of one mode
will destructively interfere with the other. Consequently, while
increasing the injection phase, the net losses of the two super-
modes oscillate nearly oppositely, with a slight shift induced by
the term ±2ngL/c (Fig. 3C). Once the loss variation by the self-
injection exceeds the initial loss difference, the two supermodes
can lase alternatively, with the switching points at which the two
decay rates are exactly the same.
Experimentally, to regulate the injection phase ϕ, we dynami-
cally tune the Raman laser wavelength via the Kerr and thermo-
optic effects by controlling the pump detuning. The beat notes
emerge during the pump scanning in Figs. 3A and 4A, which is
also predicted by the theoretical calculation derived in Materi-
als and Methods. In the calculation, by extracting the a+ and
a− components of the hopping supermode laser, it is found
that the beat note arises from the transient interference dur-
ing the switching between an emerging laser and a decaying
laser (Fig. 4B). As a result, simultaneous lasing from both super-
modes occurs only under nonequilibrium evolution, and stable
dual-mode lasing cannot be obtained. Besides the temporal
beating generation, the self-injection method also provides a
strategy to selectively pump and actively switch between the las-
ing modes. During scanning, the intracavity pump power exhibits
a periodic fluctuation due to the loss modulation (Fig. 4 A and
B), indicating that the pump field is not clamped under the
self-injection.
To further prove the established theory of lasing dynamics,
we experimentally study the hopping period as a function of the
feedback length. The hopping period of the supermode lasers
(T1 in Fig. 4A) reads T1 =2π/ϕ̇= cπ/(nLω̇), where ω̇ is the
frequency shift speed of the Raman laser. Experimentally, the
Zhang et al.
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Fig. 4. Switchable supermode laser with self-injection. (A) Measured intracavity pump power (gray) and Raman laser output (blue) versus scanning time
with self-injection. T1∼ 20.6 µs is the hopping period, and T2∼ 11.3 µs is the duration of the antisymmetric mode lasing in one period. (B) Simulated
dynamics of lasing mode switching with self-injection. (C) Dependence of hopping frequency on optical length L. The error bars denote standard deviation
of 10 measurements.
fiber length L between the coupling point and the reflector is
changed by cutting the fiber sequentially, and the measured hop-
ping period exhibits a linear dependence on L, consistent with
the theoretical result. In each period, the occupation time T2 of
the antisymmetric mode lasing is longer than that of the other
mode, also predicted by the theory (Fig. 4B).
The SMSR of the supermode laser is characterized depending
on the self-injection condition. In absence of the self-injection,
the SMSR is proportional to the output Raman power (Fig. 5A),
as predicted by the Langevin analysis (Materials and Methods).
With the injection feedback, it deviates from the linear power
dependence due to the loss difference modulation along the vari-
ation of the laser power. Particularly, the SMSR increases 15 dB
at a certain laser power, corresponding to an increase of the loss
difference of 7.5 dB.
The linewidths of the supermode lasers are measured by a
Mach–Zender interferometer with a free spectral range of 5.591
MHz (57). As shown in Fig. 5B, the frequency noise reaches a
similar level of tens of Hz2/Hz with and without self-injection,
demonstrating that the laser linewidth is narrower than 100 Hz.
Besides, the peaks with respect to the Kerr-shifted mode splitting
are observed on the noise spectrum. Considering the relation-
ship between the Kerr-modulated mode splitting and the laser
power (Materials and Methods), the dependence of the measured
laser linewidth on the mode splitting δf (Fig. 5 B, Inset) demon-
strates that the linewidth will be broadened as the laser power
declines (58).
In summary, we have clarified the controversy between the
single-mode nature of stimulated scattering lasers and the
previous observed “dual-mode” beat note in near-degenerate
supermodes. Experimentally, the pump field is clamped to the
mode with lower loss, while the laser is single mode with a
SMSR up to 37 dB. The beating phenomenon is retrieved by
introducing a self-injection feedback to the microcavity and
identified as the transient interference when the lasing mode
switches between the supermodes. In this regard, the elusive
phenomenon of the temporal beat notes in previous works
(8, 9) can be well understood as the interference induced
by the existence of a slight reflection in the fiber loops.
This work provides an insightful guidance for microlaser-based
precision measurements (11) and paves the way to reconfig-
urable light sources (2) and low-power-consumption optical
memories (59).
Materials and Methods
Experimental Details. The transmission spectrum of the supermode for gen-
erating the Raman laser is characterized with the following protocol. First,
the pump laser is tuned into the mode resonance to excite the Raman laser.
Second, a weak probe laser is injected (∼ 10 µW) into the cavity, whose
frequency is in the vicinity of the generated Raman laser. When the scan-
ning range of the probe laser covers the lasing mode, an evident beat signal
between the Raman laser and the probe laser is observed. Third, the pump
laser is gradually tuned away from the resonance, while the Raman las-
ing mode is tracked. With the pump laser fully tuned out of resonance,
transmission of the Raman lasing mode is recorded, as shown in Fig. 2B.
The pump clamping effect in Fig. 2D is observed by including a drop cou-
pler, so that the intracavity pump and Raman laser power are measured
without the influence of the direct-transmitted pump light. The Raman laser
A
B
Fig. 5. Characterization of the supermode Raman lasers with injection.
(A) Measurement of side-mode suppression ratio. The gray dashed line
indicates theoretical fitting of SMSR in the case without self-injection. (B)
Spectral density of single-sideband (SSB) frequency noise at different lasing
states with and without injection feedback. Values of corresponding white
frequency noise are marked with dashed lines. Inset shows values of the
white frequency noise versus the mode splitting δf . The dashed-dotted line
indicates fitting results assuming inverse linear power dependence.
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is extracted by a 1,500-nm long-pass filter (Thorlabs FEL1500), while the
intracavity pump power is calculated by subtracting the Raman intensity.
The frequency spectrum presented in Fig. 2E is measured with a probe
laser operating at a nearby higher frequency of the Raman laser. The com-
bined signal is detected by a photodetector and analyzed by an electric
spectrum analyzer.
Influence of Imbalanced Raman Gain in Different Directions. The Raman gains
of the two supermodes are almost the same due to their nearby reso-
nance frequencies, while a tiny gain deviation could result from different
gain factors in the counterpropagating Raman waves. In general, the back-
ward Raman gain is slightly lower than the forward Raman gain (2), as a
result of the phonon dispersion relation or the self-focusing effect (43, 44).














4g2 + i4gγ− γ2− |ap|4δ2, [3]
where gR is the Raman gain factor in the backward direction, |ap|2 is the
pump power, and δ is the difference in the Raman gain factor between the
two directions. Other parameters have already been defined in the main
text. Under the assumption that the gain difference is small (δ g), the





It is found that the gain difference δ effectively enlarges the intrinsic decay
rate difference between the supermodes. Consequently, the gain difference
can be treated as an additional slight decay rate difference and will not
affect the conclusion of the Raman lasing spectrum in the main text.
Dissipation of the Supermodes with Self-Injection. Through the evolution
equation −idΦ/dt = HΦ under the traveling-wave basis Φ = (acw, accw)T ,
the system Hamiltonian is obtained as shown in Eq. 1, where the self-
injection term reads ĩrκin. Without self-injection, eigenfrequencies of a
microcavity are ω± g. By introducing self-injection, considering that |g|
|γ/2|, |̃rκin|, the frequency of the reinjected wave can be approximated
as ω± g, depending on the wave from which supermode. As a result, the
complex reflectivity r̃ = e2in(ω±g)L/c. For the symmetric mode whose eigen-
frequency is ω+ g, based on Eq. 1, the eigenvalues of the system with
self-injection can be derived by preserving small quantities of first order,
ξ+ =ω+ g +
i
2




(κ− γ+ |̃r|κine2in(ω+g)L/c) is rejected because its real part, i.e., fre-
quency, is different from the symmetric mode. In the same way, for the
antisymmetric mode, ξ− =ω− g +
i
2
(κ− γ+ |̃r|κine2in(ω−g)L/c). The mode
losses of the two supermodes are κ± =κ± γ∓ |̃r|κin cos (2n(ω± g)L/c),
corresponding to the imaginary parts of the eigenvalues.
Kerr Frequency Shift and Beating between the Supermodes. As revealed in
previous literature (2, 22), Kerr nonlinearity shifts frequency of the mode
resonance regarding intracavity power. Under the acw− accw basis, the
following Hamiltonian for the Kerr effect is added,
HKerr =
(
−2M(P+ + P−) −M(P+− P−)
−M(P+− P−) −2M(P+ + P−)
)
, [5]
where M is the Kerr nonlinear coefficient, P+ = |a+|2 and P− = |a−|2.
With a weak reflection rκinκ, the frequency difference between the
eigenmodes a+ and a− denotes
δf± = 2g− 2M(P+− P−). [6]
It is noted that in a steady state, either P+ or P− does not vanish. With g> 0
and M> 0, the beating frequency of the antisymmetric mode is larger than
that of the symmetric mode. Also, the equation directly links the changing
of δf and Raman laser power.
As can be seen in Fig. 2E, when the antisymmetric mode is stimulated, the
mode splitting δf− = 12.5 MHz is larger than the passive mode splitting.
During the lasing switching, the laser output manifests itself as a spike-
like envelope (shown in Fig 3A), and the emission intensities in the two
supermodes vary alternatively. Therefore, the two supermodes experience
different shifts due to the Kerr effect, resulting in the beating frequency
continuously switching from δf− to δf+ or vice versa, according to the
switching of the lasing modes. The beating frequency in Fig. 3B slightly
deviates from the passive mode splitting, because of the different power
changing in the two supermodes.
SMSR of the Supermode Raman Laser. To quantify SMSR in the supermode









+ iΩ± + G|ap|2
)
a± +F±(t), [7]
where κ± is the dissipation rate of the supermodes as derived in the





=κ±0Nspδ(t− t′), where Nsp is a spontaneous
emission factor and δ(t) is the Dirac δ function.
To evaluate the power of amplified spontaneous emission (ASE) of the
mode below threshold, without loss of generality, we assume that the
lasing mode is mode a+ and |a−|2≈ 0. With the gain in clamping condi-











As SMSR is defined as the ratio of the total power of the central peak with





where fBW is the resolution bandwidth of the spectral analyzer. In the
experiment, a resolution bandwidth of 100 Hz is used in Fig. 5.
Numerical Calculations of the Supermode Lasing Dynamics. With the slowly
varying field amplitude cp = ape−iωpt , c± = a±e
−iω±t , dynamics of the








+ iδω−G(|c+|2 + |c−|2)
]











where |cp|2, |c±|2 are photon number of the pump mode and the pair of
supermodes, respectively. κp is dissipation rate of the pump mode. δω is
laser-cavity detuning. G is Raman gain coefficient, and fin is pump input.
t = 2nL/c0 is the additional traveling time of the reinjected wave and ω± =
(δt± g) is the frequency of supermodes, respectively.
A simplified thermal-diffusion equation is utilized to correct the laser-
cavity detuning δω by δω= δp− δt, where δp denotes cold cavity detuning





















Here, κt is the thermal diffusion rate, the second heating term is a result
of inelastic phonon scattering (62), and the third term denotes linear
absorption. η is the fraction of the energy transformed into the heat. Finite-
element simulations give a heat capacity of C = 0.449 nJ/K and κt/2π=
330 Hz.
The parameters used in the theoretical model and the numerical simula-
tion are given below. In Fig. 3, the coupling strength g/2π= 5.49 MHz, the
unperturbed mode loss κ= 3.99 MHz, the additional decay rate induced by
side scattering γ= 0.06 MHz, the reflectance r2 = 0.033, the coupling loss
κin/2π= 2 MHz, and the output fiber length L = 1.03 m with the refrac-
tive index n = 1.45. In Fig. 4, apart from the coupling loss κin/2π= 5.5
MHz and the output fiber length L = 1.22 m, the other parameters are
the same. In addition, the lasing threshold of 225 µW gives G/2π= 0.015
Hz. Other experimental parameters are pump frequency ωp/2π= 203 THz,
Raman frequency ωr/2π= 190 THz, pump power 1 mW. η is estimated
as 1/500. Constants are thermo-optic coefficient nT = 1.2× 10−5/K and
refractive index n0 = 1.45.
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9. Ş. K. Özdemir et al., Highly sensitive detection of nanoparticles with a self-referenced
and self-heterodyned whispering-gallery Raman microlaser. Proc. Natl. Acad. Sci.
U.S.A. 111, E3836–E3844 (2014).
10. H. Hodaei et al., Enhanced sensitivity at higher-order exceptional points. Nature 548,
187–191 (2017).
11. Y. H. Lai, Y. K. Lu, M. G. Suh, Z. Yuan, K. Vahala, Observation of the exceptional-point-
enhanced Sagnac effect. Nature 576, 65–69 (2019).
12. L. Feng, Z. J. Wong, R. M. Ma, Y. Wang, X. Zhang, Single-mode laser by parity-time
symmetry breaking. Science 346, 972–975 (2014).
13. H. Hodaei, M. A. Miri, M. Heinrich, D. N. Christodoulides, M. Khajavikhan, Parity-time-
symmetric microring lasers. Science 346, 975–978 (2014).
14. P. Miao et al., Orbital angular momentum microlaser. Science 353, 464–467 (2016).
15. A. Kodigala et al., Lasing action from photonic bound states in continuum. Nature
541, 196–199 (2017).
16. C. Huang et al., Ultrafast control of vortex microlasers. Science 367, 1018–1021 (2020).
17. K. J. Vahala, Optical microcavities. Nature 424, 839–846 (2003).
18. H. Cao, J. Wiersig, Dielectric microcavities: Model systems for wave chaos and non-
Hermitian physics. Rev. Mod. Phys. 87, 61–111 (2015).
19. Q. Song, Emerging opportunities for ultra-high Q whispering gallery mode
microcavities. Sci. China Phys. Mech. Astron. 62, 74231 (2019).
20. T. J. Kippenberg, S. M. Spillane, K. J. Vahala, Modal coupling in traveling-wave
resonators. Opt. Lett. 27, 1669 (2002).
21. A. Mazzei et al., Controlled coupling of counterpropagating whispering-gallery
modes by a single Rayleigh scatterer: A classical problem in a quantum optical light.
Phys. Rev. Lett. 99, 173603 (2007).
22. Q. T. Cao et al., Experimental demonstration of spontaneous chirality in a nonlinear
microresonator. Phys. Rev. Lett. 118, 033901 (2017).
23. T. Lu, L. Yang, T. Carmon, B. Min, A narrow-linewidth on-chip toroid Raman laser. IEEE
J. Quant. Electron. 47, 320–326 (2011).
24. S. Gundavarapu et al., Sub-Hertz fundamental linewidth photonic integrated
Brillouin laser. Nat. Photonics 13, 60–67 (2019).
25. H. Wang, L. Wu, Z Yuan, K. Vahala, Towards milli-Hertz laser frequency noise on a
chip. arXiv:2010.09248 (19 October 2020).
26. S. M. Spillane, T. J. Kippenberg, K. J. Vahala, Ultralow-threshold Raman laser using a
spherical dielectric microcavity. Nature 415, 621–623 (2002).
27. H. Rong et al., An all-silicon Raman laser. Nature 433, 292–294 (2005).
28. M. Tomes, T. Carmon, Photonic micro-electromechanical systems vibrating at x-band
(11-GHz) rates. Phys. Rev. Lett. 102, 113601 (2009).
29. N. T. Otterstrom, R. O. Behunin, E. A. Kittlaus, Z. Wang, P. T. Rakich, A silicon Brillouin
laser. Science 360, 1113–1116 (2018).
30. X. Shen, H. Choi, D. Chen, W. Zhao, A. M. Armani, Raman laser from an opti-
cal resonator with a grafted single-molecule monolayer. Nat. Photonics 14, 95–101
(2020).
31. J. Zhu et al., On-chip single nanoparticle detection and sizing by mode splitting in an
ultrahigh-Q microresonator. Nat. Photonics 4, 122 (2010).
32. J. Wiersig, Enhancing the sensitivity of frequency and energy splitting detection
by using exceptional points: Application to microcavity sensors for single-particle
detection. Phys. Rev. Lett. 112, 203901 (2014).
33. M. P. Hokmabadi, A. Schumer, D. N. Christodoulides, M. Khajavikhan, Non-Hermitian
ring laser gyroscopes with enhanced Sagnac sensitivity. Nature 576, 70–74
(2019).
34. Y. H. Lai et al., Earth rotation measured by a chip-scale ring laser gyroscope. Nat.
Photonics 14, 345–349 (2020).
35. O. Lux, S. Sarang, O. Kitzler, D. J. Spence, R. P. Mildren, Intrinsically stable high-power
single longitudinal mode laser using spatial hole burning free gain. Optica 3, 876
(2016).
36. O. Kitzler et al., Single-longitudinal-mode ring diamond Raman laser. Opt. Lett. 42,
1229–1232 (2017).
37. Q. Sheng, R. Li, A. J. Lee, D. J. Spence, H. M. Pask, A single-frequency intracavity
Raman laser. Opt. Exp. 27, 8540–8553 (2019).
38. X. Yang et al., Single-frequency 620 nm diamond laser at high power, stabilized via
harmonic self-suppression and spatial-hole-burning-free gain. Opt. Lett. 44, 839–842
(2019).
39. T. J. Kippenberg, S. M. Spillane, B. Min, K. J. Vahala, Theoretical and experimen-
tal study of stimulated and cascaded Raman scattering in ultrahigh-Q optical
microcavities. IEEE J. Sel. Top. Quant. Electron. 10, 1219–1228 (2004).
40. R. O. Behunin, N. T. Otterstrom, P. T. Rakich, S. Gundavarapu, D. J. Blumenthal, Fun-
damental noise dynamics in cascaded-order Brillouin lasers. Phys. Rev. A 98, 023832
(2018).
41. M. R. Foreman, J. D. Swaim, F. Vollmer, Whispering gallery mode sensors. Adv. Opt.
Photon. 7, 168–240 (2015).
42. X. Lu, A. Rao, G. Moille, D. A. Westly, K. Srinivasan, Universal frequency engineering
tool for microcavity nonlinear optics: Multiple selective mode splitting of whispering-
gallery resonances. Photon. Rev. 8, 1676–1686 (2020).
43. N. Bloembergen, Y. Shen, Multimode effects in stimulated Raman emission. Phys. Rev.
Lett. 13, 720 (1964).
44. M. Maier, W. Kaiser, J. Giordmaine, Backward stimulated Raman scattering. Phys. Rev.
177, 580 (1969).
45. M. Sargent III, M. O. Scully, W. E. J. Lamb, “Chapter IX: Multimode operation” in Laser
Physics (Avalon Publishing, 1978), pp. 115–143.
46. T. Carmon et al., Feedback control of ultra-high-Q microcavities: Application to
micro-Raman lasers and micro-parametric oscillators. Opt. Express. 13, 3558–3566
(2005).
47. H. Rong et al., A cascaded silicon Raman laser. Nat. Photonics 2, 170–174
(2008).
48. B. Min, T. J. Kippenberg, K. J. Vahala, Compact, fiber-compatible, cascaded Raman
laser. Opt. Lett. 28, 1507–1509 (2003).
49. T. Kippenberg, S. Spillane, K. Vahala, Kerr-nonlinearity optical parametric oscillation
in an ultrahigh-Q toroid microcavity. Phys. Rev. Lett. 93, 083904 (2004).
50. H. Choi, A. M. Armani, Raman–Kerr frequency combs in Zr-doped silica hybrid
microresonators. Opt. Lett. 43, 2949 (2018).
51. S. Kasumie et al., Raman laser switching induced by cascaded light scattering. Laser
Photon. Rev. 13, 1900138 (2019).
52. H. Rokhsari, K. Vahala, Ultralow loss, high Q, four port resonant couplers for quantum
optics and photonics. Phys. Rev. Lett. 92, 253905 (2004).
53. B. Stern, X. Ji, Y. Okawachi, A. L. Gaeta, M. Lipson, Battery-operated integrated
frequency comb generator. Nature 562, 401–405 (2018).
54. P. Laurent, A. Clairon, C. Breant, Frequency noise analysis of optically self-locked
diode lasers. IEEE J. Quant. Electron. 25, 1131–1142 (1989).
55. H. Gao, A. Fu, S. C. Andrews, P. Yang, Cleaved-coupled nanowire lasers. Proc. Natl.
Acad. Sci. U.S.A. 110, 865–869 (2013).
56. B. Shen et al., Integrated turnkey soliton microcombs. Nature 582, 365–369 (2020).
57. G. Giuliani, M. Norgia, Laser diode linewidth measurement by means of self-mixing
interferometry. IEEE Photon. Technol. Lett. 12, 1028–1030 (2000).
58. M. Sargent III, M. O. Scully, W. E. J. Lamb, “Chapter XVII: Quantum theory of the
laser” in Laser Physics (Avalon Publishing, 1978), pp. 281–298.
59. L. Liu et al., An ultra-small, low-power, all-optical flip-flop memory on a silicon chip.
Nat. Photonics 4, 182–187 (2010).
60. H. A. Haus, Y. Yamamoto, Quantum noise of an injection-locked laser oscillator. Phys.
Rev. A 29, 1261–1274 (1984).
61. J. J. Coleman, A. C. Bryce, C. Jagadish, “InP-based quantum dot lasers” in Advances in
Semiconductor Lasers (Academic Press, 2012), pp. 446–448.
62. W. R. Clements, B. B. Li, B. Q. Shen, Y. F. Xiao, Raman-lasing dynamics in split-mode
microresonators. Phys. Rev. A 91, 013804 (2015).
6 of 6 | PNAS
https://doi.org/10.1073/pnas.2101605118
Zhang et al.
Single-mode characteristic of a supermode microcavity Raman laser
D
ow
nl
oa
de
d 
at
 C
al
ifo
rn
ia
 In
st
itu
te
 o
f T
ec
hn
ol
og
y 
on
 M
ay
 2
6,
 2
02
1 
